A new equation is presented for predicting the sintering rate of particulate composites. The equation is derived using the analogy between sintering and thermal stresses introduced by Scherer. For composites that sinter by a viscous flow mechanism, i.e. glass matrix composites, the prediction of the equation does not deviate significantly from the Scherer's equation for low volume fraction of inclusions. For high inclusion contents more experimental data is necessary for validation of the equation
Introduction
The presence of heterogeneities in the structure of a ceramic or glass compact has a significant influence on the densification behaviour during sintering. These heterogeneities sinter at different rates than the surrounding matrix and create internal stresses, that retard the sintering rate and may cause structural damage in the material, such as cracks or pores [1] [2] [3] .
A special and important kind of heterogeneities are hard, rigid, non-sintering inclusions in the form of particulates, platelets or chopped fibres (whiskers) dispersed in the matrix to obtain better properties forming a composite.
When the matrix is glassy, i.e. it can sinter via a viscous flow mechanism, there is a corresponding increase in the effective viscosity of the composite compact with increasing volume fraction of rigid inclusions. This viscosity increment can explain the retardation of the sintering rate observed in glass matrix particulate composites [4] .
Scherer has modeled the effect of rigid inclusions on sintering and has applied the theory to the case of viscous sintering [5] . Using a self-consistent model he derived the following expression for the linear strain rate of the composite, f.c, relative to that of the free matrix (no inclusions), ffm:
.s.,
where f is the inclusion volume fraction, G c is the shear viscosity of the composite and K m is the bulk viscosity of the matrix.
Eq. 1 was obtained by first calculating the stresses developed in the material due to the differential sintering rates of matrix and inclusions. To calculate these stresses, the analogy between sintering and thermal stresses was employed [5] . The well-known Selsing's solution for an isolated region within an infinite region having different thermal expansion coefficient [6] was used.
The prediction of Eq. 1 has been compared with experimental data for different glass matrix composites, including SiC particulates reinforced soda-lime glass [2], alumina platelets reinforced alurninosilicate glass [7] and soda-lime glass containing nickel spherical particles [8] . Good agreement between experiment and theory was found for inclusion volume fractions up to "" 0.15, when the lower bound of the Hashin-Shtrikman (H.S.) model [9] was used for the composite viscosity G c. However, at higher inclusion contents the experimental values deviated significantly from the predictions ofEq. 1, which invariably overestimated the sintering rates [2, 7, 8] . It was pointed out [7, 8] that this deviation appeared because the H.S. approximation does not take into account the dramatic increase in composite shear viscosity that occurs when the inclusion volume fraction approaches the percolation thereshold, where a continuous network of the inclusion phase is formed. When measured values for the shear viscosity of the composite were used [8] a better agreement between theory and experiment was found.
In this letter we introduce a new equation for predicting the sintering rate of a glass composite containing second phase particulate rigid inclusions. The approach is based on the same reasoning used by Scherer [5] , i.e. the analogy between sintering and thermal stresses. In an attempt of introducing more realistically the influence of the inclusions, the solution of Taya et al. [10] for the thermal stresses in a composite containing a finite volume fraction of inclusions, instead of the Selsing's equation for an isolated inclusion, is used. The predictions of the new equation are compared with those of Eq. 1 for low and high concentrations of inclusions.
Analysis
According to Scherer [5] a microscopic region within the matrix can be regarded as an island of sintering material inmersed in a continuum, formed by the inclusions and the matrix, that sinters at a lower sintering rate. The mismatch in free strain rates between the island (the matrix) and the continuum causes stresses that affect the densification rates of each, The hydrostatic stress developed in the matrix can be found by applying an analogy between sintering and thermal stresses, for which solutions are available. The Selsing's solution [6] for an isolated inclusion in an infinite medium was used for obtaining Eq. 1 [5] . Another equation for calculating thermal stresses due to thermal expansion mismatch in a particulate composite has been proposed by Taya et al. [10] . This equation takes into account the presence of a finite volume fraction of inclusions, f:;t(), Using the viscous analogy in the equation by Taya et al., i.e. strains are replaced by strain rates and the respective moduli of the island of matrix and the continuum composite are replaced by K m, G m and Kc,G c, respectively, we obtain for the hydrostatic stress in the matrix (Jm ):
According to Scherer, the strain rate of the composite can be written as [5] :
From Eqs. 2 and 3 results: In order to carry out the comparison between both equations for low volume fractions of inclusions (F < 0.3), the Hashin-Shtrikman lower bounds for K c and Oc will be used, as in previous studies [2, 7, 8] . From the Hashin-Shtrikman equations for Kc and Oc valid for rigid inclusions in a matrix (Gi, K] --> 00), we can write:
In Eqs. 5 and 7 Vm is the Poisson's ratio of the matrix.
Since in this work we are interested in glass matrix composites, the viscous sintering model of Scherer [11] may be used for obtaining the variation of the matrix Poisson's ratio vm with the matrix density as sintering proceeds. This variation can be expressed by [11] :
v =1 ( Pm )112 m 2 3 _2 Pm (8) where Pm is the relative matrix density, i.e. the actual density normalized by the density of the porous-free matrix. Moreover the instantaneous volume fraction of inclusions! as a function of the matrix relative density is given by
where F is the inclusion volume fraction of the fully dense composite.
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Using Eqs 5-9 in Eq. 4 the composite linear strain rate relative to the strain rate of the "free" matrix during sintering, for a given volume fraction of inclusions F, can be calculated as a function of the relative matrix density. Figure 1 shows the results for three different inclusion volume frations F.
Also plotted in Figure 1 are the results from the Scherer's equation CEq. 1). Observation of Fig. 1 indicates that for inclusion volume fractions lower than "" 0.1 there is no substantial differences between the predictions of both equations. For higher contents of inclusions, the difference between the calculated values increases. This is confirmed by observation of Figure 2 also, where the ratio £Cl Efm calculated using Eqs. The difference between the values calculated using both equations for f:::; 0.15 is negligible, and it is highly unlike that reliable experimental data can be generated in such a narrow band in order to differentiate between the models.
As pointed out in the literature [8, 9] . for higher volume fraction of inclusions, the HashinShtrikman approximation is no more accurate for calculating the composite viscosities. Another self-consistent model, as presented by Christensen [12] , can be used to predict G c and Kc. For high concentration of rigid inclusions in an incompressible matrix, the ratio of the composite shear viscosity to the matrix shear viscosity can be written as Gc = 27 Gm 16(1-1f (10) Altough Eq. 10 is strictly applicable to an incompressible matrix, this equation was shown to give a reasonable estimate of the trend of G c [8] . The equation for Kc in the Christensen's model coincides with the H.S. equation [12] . Thus, from the Christensen's equations the following expression results:
The ratio OmlKm can be calculated using Eq.7 and the variation of the matrix Poisson's ratio with the matrix relative density for sintering by viscous flow is given by Eq.8 [11] .
Using Eqs. 10 and 11 in Eq. 4 the ratio eel Efm is obtained for composites with high volume fraction of inclusions. Figure 3 shows the calculated values for F=OA and F= 0.2. Also shown in 
